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Abstract

Spinal cord injury (SCI) affects thousands of people every year in the USA, and most patients are left with
some permanent paralysis. Therapeutic options are limited and only modestly affect outcome. To address
this issue, we used magnetic resonance imaging-guided focused ultrasound (MRgFUS) as a non-invasive
approach to increase permeability in the blood-spinal cord barrier (BSCB). We hypothesize that localized,
controlled sonoporation of the BSCB by MRgFUS will aid delivery of therapeutics to the injury. Here, we
report our preliminary findings for the ability of MRgFUS to increase BSCB permeability in the thoracic
spinal cord of a normal rat model. First, an excised portion of normal rat spinal column was used to char-
acterize the acoustic field and to estimate the insertion losses that could be expected in an MRgFUS blood
spinal cord barrier opening. Then, in normal rats, MRgFUS was applied in combination with intravenously
administered microbubbles to the spinal cord region. Permeability of the BSCB was indicated as signal
enhancement by contrast administered prior to T1-weighted magnetic resonance imaging and verified
by Evans blue dye. Neurological testing using the Basso, Beattie, and Breshnahan scale and the ladder
walk was normal in 8 of 10 rats tested. Two rats showed minor impairment indicating need for further
refinement of parameters. No gross tissue damage was evident by histology. In this study, we have opened
successfully the blood spinal cord barrier in the thoracic region of the normal rat spine using magnetic res-
onance-guided focused ultrasound combined with microbubbles.
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Introduction

Spinal cord injury (SCI) affects thousands of people every year
in the USA, and most patients are left with some permanent pa-
ralysis. Therapeutic options are limited and only modestly effect
outcome (Rolls et al., 2009). An important barrier to the success
of therapies to repair or regenerate damaged spinal cord axons is
the formation of the glial scar. Acutely, the reactive process that
results in the scar helps to stabilize the physical and chemical
integrity of the injury by filling in the breach in the blood-spinal
cord barrier (BSCB), thereby reducing infiltration of non-central
nervous system (CNS) elements and minimizing subsequent
tissue damage. Thus, it is becoming increasingly recognized that
therapies to reduce or prevent the glial scar formation may actu-
ally hamper endogenous healing mechanisms (Silver and Miller,
2004; Rolls et al., 2009; Lukovic et al., 2015). However, in a chron-
ic state, the glial scar forms a physical and chemical inhibitory
barrier to spinal cord regeneration (Silver and Miller, 2004).

To address this issue, we propose to use magnetic resonance
imaging (MRI)-guided focused ultrasound (MRgFUS) as a
non-invasive approach to increase permeability at the site of
subacute injury after the scar is formed, with the goal of encour-

aging axonal sprouting and regeneration. We hypothesize that
localized, controlled sonoporation of the BSCB by MRgFUS
will aid delivery of therapeutics to the injury. Here, we report
our preliminary findings for the ability of MRgFUS to increase
BSCB permeability in the thoracic spinal cord of a normal rat
model.

Currently MRgFUS is used to treat benign (McDannold et
al., 2006b) and malignant tumors (Tempany et al., 2011), and
neurological disorders such as essential tremor (Elias et al.,
2011). It has also been used to control localized drug delivery
(Rapoport et al., 2011), and affect nerve functionality (Foley
et al., 2008; Colucci et al., 2009; King et al., 2014). It has been
shown through numerous preclinical studies (Hynynen et al.,
2005; McDannold et al., 2006a; O'Reilly et al., 2010) that MRg-
FUS combined with systemically injected ultrasound microbub-
bles can transiently open the blood-brain barrier with no long-
term side effects. When the ultrasound wave interacts with the
microbubbles that are contained in the vasculature, the bubbles
oscillate, locally opening the blood-brain barrier. Because these
microbubbles provide stable cavitation sites, opening the blood-
brain barrier can be accomplished at relatively low ultrasound
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intensities (Hynynen et al., 2001; Kobus et al., 2016) when com-
pared to the intensity required for thermal ablation.

Using the principles established with blood-brain barrier
opening, one study demonstrated that MRgFUS can open the
BSCB in the cervical region with the potential application of
gene delivery (Weber-Adrian et al., 2015). In this study, we
have built upon that work, hypothesizing that MRgFUS could
be used to target to the thoracic spinal cord in rats and increase
BSCB permeability without significant tissue damage. Future
studies will apply this method to a model of spinal cord injury.

Materials and Methods

Acoustic field characterization

The large acoustic impedance mismatch between bone and soft
tissues can result in reflection, refraction and scattering of the
ultrasound beam. In transcranial MRgFUS applications, there
is known to be significant inter- and intra-patient variability
in the pressure field distribution due to the skull (Vyas et al.,
2016). To evaluate these effects for the rat spine, we performed
a hydrophone experiment with an excised portion of a normal
rat (~250 g) spinal column and surrounding skin and muscula-
ture to estimate the insertion losses that could be expected in an
MRgFUS blood-spinal cord barrier opening procedure. The ex-
cised rat spine was surrounded by degassed water and enclosed
in a cylindrical tissue holder that had mylar membranes on
both sides (Figure 1a). This holder was suspended in a degassed
water bath with a hydrophone (HNR-500, Onda Corporation,
Sunnyvale, CA, USA) that was rastered with stepper motors
(NRT150, Thorlabs Inc., Newton, NJ, USA) in two-dimensional
plane through the transducer’s geometric focus (256-element
phased array, f = 1 MHz, f# = 0.84, 13 cm focal length). Pressure
patterns were obtained for conditions with the excised spine
section in place and with water only (0.25 mm isotropic spac-
ing). The acoustic power of the transducer was 3 W.

Animals for in vivo experiments

Sprague-Dawley rats (n = 14, 200-235 g, all female, 12 treated, 2
sham procedures, Charles River Laboratories, Wilmington, MA,
USA) were used for the in vivo experiments. All animals were
kept on a normal 12-hour light/dark cycle and had free access to
food and water. All procedures were approved by the University
of Utah’s Institutional Animal Care and Use Committee.

Degassed
water

Scanning
hydrophone

Sonications and MRI

Under isoflurane anesthesia combined with medical air, rats
were depilated with Nair over the target region and positioned
on a preclinical MRgFUS system (Image Guided Therapy, Inc.,
Pessac, France) in a 3T MR scanner (Prisma"™, Siemens Health-
care, Erlangen, Germany). The MRgFUS system was fitted with a
custom holder with an integrated MRI radiofrequency coil that
allowed supine positioning of the animal over the transducer. A
Solidworks design schematic is shown in Figure 2. For the MR
imaging, 3D T1W high-resolution MR images (3D VIBE, FOV
=162 mm X 162 mm X 45 mm, resolution = 0.4 mm x 0.4 mm
x 0.8 mm interpolated to 0.2 mm X 0.2 mm x 0.4 mm, TR/TE =
6.21/2.94 ms, FA = 10°) were used to both position the rat and
to assess the efficacy of the BSCB opening, which was achieved
using a 256-element phased-array transducer (f = 940 kHz, focal
depth = 10 cm, intensity full-width-half-maximum = 1.8 mm x
2.5 mm x 10.9 mm). Each rat received 1-3 sonications consist-
ing of four locations spaced 2 mm apart (20 ms bursts applied at
a 1 Hz pulse repetition frequency for 3 minutes at 1.0-2.1 MPa
peak pressure). Both cervical (n = 2) and thoracic (n = 11, 1 rat
was targeted in both regions) spine regions were targeted. Op-
tison microbubbles (GE Healthcare) was injected intravenously
immediately prior to each sonication. The initial 4 rats received
a 0.06 mL/kg dose. The subsequent 10 rats received 0.02 mL/kg
dose. BSCB opening was confirmed by an injection of gadolin-
ium (Prohance [Gadoteridol], 0.25 mL/kg followed by 0.2 mL
saline) and several contrast-enhanced TIW MR images were
acquired (same parameters as listed above). Six rats received a
1% Evans blue dye injection (10 uL/g) immediately after the in-
jection of contrast to confirm BSCB opening. Sham animals re-
ceived equivalent procedures with no ultrasound power applied.

MRI data analysis

All MRI data analysis was performed in Osirix and Matlab.
Signal changes in the spinal cord were measured across the 8
mm insonified region, centered on the enhancing spot. The
signal change was normalized using a non-sonicated area in
the spinal cord. For all measurements, the mean normalized
enhancement and the standard deviation is reported.

Neurological function
Rats (n = 10) were observed for gross neurological function.
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Figure 1 Acoustic insertion loss through an excised normal rat spinal column.
(a) Experimental setup of the scanning hydrophone showing the rat spinal section in the near field of the focused ultrasound beam. (b, ¢) Two-di-
mensional pressure pattern in (b) water only and (c) excised rat spine section conditions. (d) Line plots along the dotted lines for the water only

and with the excised spine section inserted.
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Figure 2 Solid model schematic of the MRgFUS device with custom
rat holder.

(a) Modified pre-clinical large animal MRgFUS device with rat holder
was installed. A semi-circular positioning trough was secured over
the focused ultrasound transducer with a custom MRI radiofrequency
coil (9 cm x 5 cm ellipse) permanently fixed to the trough under the
animal. (b) Cross section through the center of the focused ultrasound
transducer. The geometric focus of the ultrasound beam was approxi-
mately 1 cm above the bottom of the positioning trough.

Figure 4 Evans blue dye infiltration in excised spinal cords.

(a—c) Rats underwent identical MRgFUS blood spinal cord barrier
opening procedures resulting in the length of the blue region in the
cord ranging from approximately 15 to 40 mm. In all rats a 1 cm length
of the thoracic spinal cord was targeted. The ruler indicates scale. Ar-
rows indicate dye accumulation at the region of sonication.

To assess motor function, each animal was allowed to move
around freely in a plastic wading pool (height: 19 cm, diameter:
88 cm) for 3 minutes. A blinded observer scored each animal
on a scale from 0-21 based on the Basso, Beattie, and Breshna-
han (BBB) scale (Basso et al., 1995).

Histology

Evans blue dye

Rats (n = 6) that received Evans blue dye were euthanized 4
days post-MRgFUS by transcardial perfusion with phosphate
buffered saline (PBS) only. Three of six samples were damaged
in the processing. The remaining 3 spinal cords were dissected
from the base of the cerebellum to the cauda equina. The tissue
was frozen in OCT (Scigen Scientific, Gardena, CA, USA) 7
days after dissection and stored at —80°C.

Hematoxylin and eosin staining

All rats that did not receive Evans blue dye (n = 8) were eutha-
nized 4 days post-MRgFUS by transcardial perfusion with PBS
and 4% paraformaldehyde (Acros Organics). Spinal cords were
dissected from the base of the brainstem to the cauda equina.
The region of interest on the spinal cords was assessed using the
MRI and was between 4-5 cm from the base of the brainstem.
The tissue was cut at either 2.5 cm or 3 cm from the base of the
brainstem and another cut was made at 6 cm from the base of

Figure 3 Example of a thoracic blood-spinal cord barrier opening.
(a) CE-T1W MR images showing spinal cord enhancement in sagittal
(left side rostral and right side caudal to sonication region). MRgFUS
sonications were applied in the yellow dashed region. (b, ¢) Axial views
of (b) non-enhancement (orange arrow) and (c) enhancement (yellow
arrow) regions of the spinal cord. (d) Excised spinal cord showing
extensive Evans blue dye penetration through 3 cm of the cord. Cord
orientation is the same as seen in (a). Note the banding artifact in (a)
was due to a B1 transmit shim decoupling failure.

SHAM MRgFUS

Figure 5 Hematoxylin and eosin staining indicates no gross
neuronal injury from MRgFUS.

Representative samples from 2 rats (SHAM and MRgFUS) taken from
the region of the MRgFUS application (or SHAM MRgFUS).

MRgFUS

the brainstem to encompass the entire region of interest. Sec-
tions were sliced at 20 pm and stained with hematoxylin and
eosin (Poly Scientific, Bay Shore, NY, USA).

Statistical analysis

Data are expressed as the mean + SD. Animals were assessed 2—4
days post-MRgFUS and scores were compared statistically using
a paired t-test with a P-value < 0.05 to determine significance.

Results

The measured pressure patterns of water only and excised spinal
column insertion cases are shown (Figure 1). The spatial patterns
at the transverse plane are indicated in Figure 1b and ¢ while line
traces directly comparing the two measurements through the
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focus are indicated in Figure 1d. A peak pressure of 2.2 MPa was
seen in the water only case at an acoustic power of 3.1 W. When
the excised insertion column was placed in the near field of the
ultrasound beam, a peak pressure of 1.1 MPa was measured at
the focal point, representing an acoustic insertion loss of approx-
imately 50% at 1 MHz.

An increase in normalized signal intensity on the MRI CE-
T1w image was seen in 10/12 rats at 4-5 minutes post-MRgFUS
sonication (31.5 + 23.1%, range: 7.5-83.5%). The animals that
received a sham procedure had no increase in normalized signal
intensity in the MRI CE-T1W image. The contrast enhanced
T1IW MR images in a sagittal and axial view and the excised
spinal cord for animal 14 are shown (Figure 3). The signal-en-
hancing region in the sonicated area is indicated by the yellow
arrow in the sagittal image. Axial slices at both an enhancing
and non-enhancing region are also shown. Evans blue dye pene-
tration was seen in up to a 4 cm length of spinal cord.

Evans blue dye was given to rats immediately after the MRg-
FUS sonication and dye accumulation was seen in 3 of the
excised spinal cords, corresponding to in the areas sonicated
(the spinal cords of the remaining 3 rats were damaged in the
processing) (Figure 4).

Ten rats were tested for neurological function using the BBB
and ladder walk assessment pre and post-MRgFUS. Eight rats
scored a normal BBB (21), while 2 showed impairment (scores
of 14 and 15 out of 21) at 3—4 days post. These 2 rats also
had impairment on the ladder walk. Both of these impaired
subjects had received Evans blue dye, so we were unable to
perform a histological examination on the excised cords. The
8 rats with normal BBB scores did not have significant differ-
ences in the ladder walk pre- and post-MRgFUS (1.90 + 0.05
vs.1.82 £ 0.17 and 1.87 + 0.09 vs. 1.81 + 0.22 score/step, for left
and right respectively).

Hematoxylin and eosin staining in the region of MRgFUS
did not reveal any gross morphological tissue injury in the
spinal cords that were sampled (from subjects not receiving
Evan’s blue dye). Representative images from a sham and
MRgFUS-treated rat are shown (Figure 5).

Discussion
Extensive research is present in the literature demonstrating
that MRgFUS combined with ultrasound microbubbles can
transiently open the blood-brain barrier with no long-term side
effects (Hynynen et al., 2005). While Weber-Adrian et al. (2015)
extended this work to open the BSCB in the cervical region
demonstrating the potential application of gene delivery, our
study demonstrates the potential to increase the permeability of
the BSCB in the thoracic region of the rat spinal cord. Ultimate-
ly, the goal of this research is to use MRgFUS to treat spinal cord
injuries by controllably disrupting the cellular structure of the
glial scar as well as open the BSCB to facilitate delivery of thera-
peutics. This study represents a first step towards that objective.
Our results show the application of MRgFUS to the normal rat
spinal cord resulted in significantly increased contrast enhance-
ment on T1w MRI of the targeted region of the BSCB when
compared to a non-sonicated region.

Because it has been shown that potential permanent dam-
age can occur with the application of MRgFUS (Oakden et al.,
2014), this study assessed neurological function following the
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MRgFUS procedure to evaluate potential injury to the normal
rat spinal cord. Two rats out of 10 had minor alterations in
neurological function after undergoing MRgFUS. These subjects
did not have histological examinations because they were in the
group receiving Evans blue dye. Therefore, it is not known if the
neurological impairment was due to tissue damage or transient
swelling around the spinal cord. Of the samples that were pro-
cessed with Hematoxylin and eosin staining, no tissue damage
was observed. In addition, the survival post-MRgFUS was only
4 days and the impairment in these 2 rats may have resolved if
given a longer recovery time. These issues will be addressed in
future studies. We will further optimize the MRgFUS parame-
ters to prevent any post-procedure impairment and we will sur-
vive subjects longer to evaluate longer-term effects on outcome.
The parameters used in this present study will be considered an
“upper limit” and we will seek to decrease the energy deposition
near the cord while still increasing permeability of the BSCB.

In this initial study, we used a single sample of excised rat
spinal column to characterize the acoustic pressure patterns as
well as the insertion losses to estimate the MRgFUS parameters
needed to accomplish BSCB opening through extrapolating
other BSCB and BBB opening works in the literature. While
the rats in the study were roughly equivalent in size (216 + 12
g), the variability in spinal column anatomy as a function of
size is unknown. In addition, the phased array transducer was
electronically steered to achieve the sonication pattern across
a 1-cm section of spinal column, resulting in some variability
in the pressure distribution both between and within animals.
Therefore, while equivalent sonication parameters were applied
between animals, the actual pressure distribution achieved
in situ will have varied between animals. A limitation of this
study was the lack of real-time procedure monitoring. While
confirmation of blood brain barrier opening has been observed
using both contrast-enhanced MRI and dual-focal microscopy
(Hynynen et al., 2005, 2006; Cho et al., 2011), these measure-
ments were obtained after the application of sonications, and
therefore cannot be considered “real time”. Indeed, some irre-
versible tissue damage has been observed and correlated with
increased pressure (Hynynen et al., 2006) or high microbubble
dosage (Kovacs et al., 2017). Monitoring of focused ultrasound
blood brain barrier opening through real time analysis of the
acoustic emissions during sonications has been investigated.
Acoustic emissions can emanate from the interaction of the ul-
trasound and the microbubbles as well as the surrounding tis-
sues or the acoustic coupling media (McDannold et al., 2006a).
One study demonstrated that monitoring acoustic emissions
using a hydrophone embedded in the therapeutic transducer
and adjusting the ultrasound sonication parameters based on
the subharmonic frequency response resulted in repeatable
blood brain barrier disruption (O’Reilly and Hynynen, 2012).
Histologically there were no apparent tissue changes with only
mild extravasation of red blood cells exhibited in a few cases.
Similarly, another investigator monitored the harmonic fre-
quencies and wideband emissions using a passive cavitation
detector mounted in close proximity to the target site (McDan-
nold et al., 2017). In general, monitoring the stable cavitation
activity with passive cavitation detectors has demonstrated
varying degrees of correlation between the recorded emissions
and the resulting blood brain barrier permeability (Arvanitis et
al,, 2012; Sun et al., 2015) indicating the potential of this meth-
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od as a monitoring technique. We will incorporate real-time
monitoring in future studies.

This study has several limitations. First, the sonication pa-
rameters were constant for all rats and were not tailored for
rat weight or variations in anatomy observed on MRI. Second,
as indicated above, no real time feedback was used during the
MRgFUS sonication besides the CE-T1w images that were ac-
quired after the sonications were performed. Third, at this time,
we do not know why 2 subjects suffered slight neurological
impairment. This may have been a result of the application of
Evans Blue at the time of MRgFUS. In future studies, some an-
imals will receive MRg-FUS only, without Evans Blue to deter-
mine the root cause of such impairments. These subjects were
only survived for 4 days and, because they had Evans blue dye,
we were unable to perform a histological examination of the
spinal cord. Last, we only performed H&E stain in this prelimi-
nary study, not luxol fast blue. Future studies will further inves-
tigate and refine MRgFUS parameters to avoid all neurological
impairments as well as monitor rats longer to evaluate the long-
term sequelae of sonication and correlate with histology.

In this initial study, we have opened successfully the blood
spinal cord barrier in the thoracic region of the normal rat spine
using MR-guided focused ultrasound combined with microbub-
bles. This procedure was accomplished with no or very minimal
effect on neurological function and no overt evidence of tissue
damage. Future studies will further refine the MRgFUS parame-
ters as well as apply the technique to treat spinal cord injuries.
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